The complete sequence of the vaccinia virus HindIII I fragment, which is composed of 6,498 base pairs, encodes six complete and two incomplete open reading frames (ORFs). Computer analysis revealed an amino acid sequence homology between ORF 1 4 and the large subunit of the ribonucleotide reductase complex. The two small polypeptides derived from ORFs 1 2 and 1 5, with molecular weights of 8,500 and 8,700, respectively, have a very high hydrophobic amino acid sequence composition. S1 analysis revealed that QRF 1 4 is expressed at early stages of infection, ORFs I 1, I 2, I 5, and I 7 are expressed in the late phase of infection, and ORF 1 3 is constitutively expressed. Screening a vaccinia virus genomic library revealed a large vaccinia virus insert overlapping the Hindm I and 0 fragments which contains a previously undetected HindIII P fragment of approximately 300 base pairs. S1 analysis revealed an early (01) and a late (02) start site of transcription initiation located within the IIindIII 0 fragment.
Transcription during the life cycle of the cytoplasmic vaccinia virus is generally divided into two distinct phases. The genes which are expressed immediately after the penetration of the virus and before the second uncoating are generally referred to as early genes. The transcription of these early genes is shut off with the start of viral DNA replication, and the late genes are switched on (for a review, see reference 17). Whether a given gene is actively transcribed before or after replication is routinely determined using primary (arabinose C or hydroxyurea) or secondary (cycloheximide) inhibitors of DNA replication (17) .
Recent studies have revealed that the regulation of gene expression in vaccinia virus is not merely separated into two temporally distinct phases, but also the mode of transcription within these phases appears to be different (3, 23) . Early transcripts are initiated 10 to 50 base pairs (bp) upstream of their AUG start codon, and the transcripts are terminated at a discrete site downstream of the coding sequences (30) . The sequence T5NT is an essential cis-acting element in this process, and the actual termination occurs 50 to 70 bases downstream of this element (20) . Late transcripts appear to be discontinuously synthesized with a noncontiguously encoded capped poly(A) head at the 5' end (23) . The junction between the A head and the coding body of the messenger is located within the conserved TAAATG motif, which is late specific (7, 21) . Deletions and substitutions within this motif abolish the transcription (7) . A further characteristic of late transcripts is the absence of discrete 3' termini, and early termination signals are not recognized as such in the late phase of infection (12, 29) . Until more information becomes available, it remains an open question whether all late genes are synthesized in the same discontinuous manner.
The present study was undertaken to learn more about the genomic organization and to identify early as well as late genes, study their temporal regulated expression, and compare their regulatory sequences. * Corresponding author.
MATERIALS AND METHODS

Virus and cells. Vaccinia virus (strain WR) was grown in
HeLa cell suspension cultures that were maintained in Eagle medium containing 5% fetal calf serum.
Sequencing. The HindIII I fragment of vaccinia virus was isolated after HindlIl restriction endonuclease digestion of purified viral genomic DNA and cloned into pUC9 (26) . Subfragments were isolated by gel electrophoresis onto DEAE membranes (NA 45) according to the manufacturer (Schleicher and Schuell) and subcloned into bacteriophage m13 derivatives (16) . Sequencing was performed as described (22) .
RNA analysis. RNA from vaccinia virus-infected HeLa cells (multiplicity of infection of 5) was extracted at 3, 6, 9, and 16 h after infection and from infected cells incubated for 6 h in the presence of 100 ,ug of cycloheximide per ml. Purification of RNA was done as described (14) . A 5-p,g sample of total RNA was hybridized at 42°C to asymmetrically end-labeled DNA probes as described (14) . Singlestranded DNA was digested after overnight hybridization with 50 U of S1 nuclease for 1 h at room temperature. The protected fragments were resolved on denaturing polyacrylamide gels.
Computer analysis. DNA sequence data were managed and analyzed by using the programs of the University of Wisconsin genetics computer group (6) . Protein data base searching was done by using the FASTP program written by Lipman and Pearson (11) for the National Biomedical Research Foundation protein library.
RESULTS
Sequencing. We have sequenced the HindlIl I fragment of vaccinia virus by the dideoxynucleotide chain termination method (22) . We have chosen the strategy of subcloning restriction fragments into phage m13 derivatives (26) , and both strands of the vaccinia DNA were sequenced. The entire sequence of the HindlIl I fragment comprises 6,498 base pairs (Fig. 1) .
Analysis of ORFs. The nucleotide sequence was translated in each of the six possible frames to locate open reading 1889 J. VIROL. 49.0k reading frame direction is indicated by adding an L (left) or R (right) after the numbering. All complete ORFs are located on one strand of the DNA having the direction of transcription from right to left. The only exception is the putative ORF I 8R, which is located at the right-hand side of the HindlIl fragment and probably continues into HindIll G with the direction of transcription from left to right.
S I T H E L Y I I
Computer analyses permitted the determination of the amino acid composition of putative polypeptides derived from the ORFs (Table 1) showed a high degree of hydrophobic amino acids (>50%). The hydropathicity plots indicate that both short polypeptides have two large N-and C-terminal hydrophobic domains separated by small hydrophilic domains (Fig. 3) . Both hydrophobic regions can function as membrane-spanning segments, indicating a possible localization in the membrane envelope. The other polypeptides do not have striking amino acid compositions. All ORFs with the exception of I 5L contain potential asparagine-linked N-glycosylation sites; the respective amino acid sequences are underlined in Fig. 1 . We also compared the amino acid sequences of the proteins with previous entries in the National Biomedical Research Foundation protein library. The 87.7-kDa polypeptide (ORF I 4L) shows a relatively high degree of homology to the ribonucleoside diphosphate reductase of Escherichia coli (4) (24.6% in 589 amino acids) and to the 140-kDa ribonucleotide reductase of Epstein-Barr virus (EBV) (1) (29.7% in 202 amino acids). The respective dot plots (Fig. 4) reveal that the central part of the vaccinia virus protein (from amino acids 300 to 600) has a high degree of similarity with the E. coli polypeptide. The N termini have only a limited similarity, whereas the C termini are not homologous at all. The homology with the EBV protein is restricted to the central and C-terminal part of the vaccinia virus polypeptide. phage EMBL-4, was screened with nick-translated probes of the HindlIl I and 0 fragments. Positive clones were isolated, and the inserts were analyzed by restriction digests and Southern blotting. The clone vv43 contains a vaccinia virus genomic fragment spanning the complete HindIII I and 0 fragments and additional sequences of the adjacent Hindlll E and G fragments. A small HindIll fragment of approximately 300 bp was contained within the genomic insert which is located between the E and 0 fragments. This small fragment had escaped previous detection by restriction analysis with purified vaccinia virus DNA because of its small size. We will refer to this fragment as HindIII-P (Fig.  2) , according to the nomenclature suggested by DeFilippes (5). Different restriction fragments were subcloned and used for Si mapping of RNA transcripts.
Nuclease Si mapping of mRNA 5' ends. The RNAs transcribed from the HindlIl I fragment were analyzed by nuclease Si mapping. The structures of the probes are indicated in Fig. 2 . A precise mapping of RNA start sites was achieved by coelectrophoresis of the sequence ladder derived from the labeled Si fragments by using the chemical cleavage procedure (15) (only shown in some cases). A shift in electrophoretic mobility of 1.5 bases, due to the presence of the 3' phosphate as a result of the chemical cleavage reaction, was taken into account. The electrophoretic analysis of the nuclease Si-protected fragments, obtained with RNAs prepared at different times after infection, is shown in Fig. 5 . ORFs I 1L, I 2L, I SL, and I 7L are expressed late in infection, and the RNA start sites were mapped immediately upstream of the AUG within a TAAAT motif (Fig. SB, C , E, and F, respectively). S1-protected fragments were not generated if early RNA (3 stream of its AUG. The start of transcription initiation maps within a stretch of T residues, which was not expected on the basis of cap analysis studies showing that the penultimate nucleotide is a purine (27) . The region surrounding the start site is highly AT rich, and therefore it cannot be excluded that the S1-protected fragment is generated by nibbling of the nuclease S1. I 4L transcripts were detectable up to 9 h after infection, and a strong signal was obtained if RNA derived from cycloheximide-treated cells was used (Fig. SE) these multiple late start sites might be generated by a heteroduplex formation between the complementary RNAs, transcribed in the opposite direction from ORFs I 7 and I 8, and the Si probe. This possibility was tested by the synthesis of artificial RNA transcripts in vitro, using a Bluescribe vector (Vector Cloning Systems), and addition of these in vitro RNAs to the Si mapping (schematically indicated in RNA up to the EcoRI site at position 219 (Fig. 5G) . A new Si-protected fragment of 220 nucleotides (nt) was generated which corresponded to an artificially introduced Si "start site" mapping at the EcoRI site. This fragment corresponds to a protection of the DNA probe from HindlIl up to the 5' end of the added in vitro transcripts. Furthermore, the Si-protected fragments of 300, 330, 370, and 540 nt in length, generated in the absence of the in vitro-synthesized RNA, gradually disappeared upon addition of the T3 polymerasederived synthetic RNA. This experiment indicated that Si-protected fragments can be generated by heteroduplex formation between complementary RNA transcripts which might not correspond to the start site of transcription initiation.
The results of the 5' Si mapping are summarized in Fig. 7 ; the solid triangles indicate the major Si signals and the carets indicate the minor protections.
Si mapping of the 3' ends. The 3' ends of the transcripts were analyzed as indicated in the legend of Fig. 2 . Discrete 3' termini could not be detected with transcripts from ORFs I 1, I 2, I 3-late, I 5, and I 7, which is in agreement with their late character. Discrete 3' termini could be detected with transcripts originating from ORFs I 3-early and I 4 (Fig. 8) . 
DISCUSSION
The entire sequence of the HindIII-I fragment was determined, and the nucleotide and predicted amino acid compositions were analyzed using computer programs (Table 1 and Fig. 3 ). Six complete ORFs were revealed that are preceded by an AUG start codorn. Two potential but incomplete ORFs are located at the extremities of the fragment. The Nterminal sequences of ORFs I 1L and I 8R are encoded within the HindIII fragment at the left-and right-hand sides. ORF I 8R extends into the HindIII G fragment for an additional 2 kilobases (Z. Fathi and R. Condit, personal communication).
The genomic organization in the HindIll I fragment is similar to that observed in other regions of the vaccinia virus genome. ORFs I 1 to I 7 are transcribed in the same direction, whereas I 8 is transcribed in the opposite direction. It has been reported that large segments of the vaccinia virus genome are transcribed in one direction, e.g., the 5.1-kilobase fragment spanning the HindIII-D-A junction (28) , whereas, e.g., the central part of the genome is tranLate regulatory elements: . The S1 probes are indicated in Fig. 2D . The different lanes are S1 mappings using RNA extracted from cells at 3, 6, 9, and 16 h postinfection and at 7 h postinfection in the presence of cycloheximide (C); lanes P correspond to the input S1 probe, and lanes M contain 32P-labeled
HpaII-digested pBR322 size marker.
scribed in both directions (19, 21) . Remarkable is the high density of protein coding sequences: in general, the ORFs are separated by a few base pairs of spacer sequence (e.g., between I 1-I 2 and I 5-I 6) whereas other ORFs even partially overlap (e.g., I 6-I 7). A similar organization has been reported for other regions of the genome (18, 19) . Large noncoding regions have not been observed in the vaccinia virus genome. It is therefore likely that ORF I 6 is transcribed into RNA despite the fact that the transcripts could not be detected by Si mapping. The calculated molecular weights of the different polypeptides (Table l) are in agreement with those detected by Belle Isle and collaborators using hybrid selection and subsequent in vitro translation of the selected mRNAs (2). They detected two early polypeptides of 80 and 32 kDa which probably correspond to I 4 and I 3-early. Two late polypeptides of 46 kDa (I 6 or I 7 or both) and 33 kDa (I 3) were found, as well as a polypeptide of 35 kDa (I 1), which could be selected using HindIII-E, -0, and -I, respectively. The two small polypeptides encoded by ORFs 1 2 and I 5 are very rich in hydrophobic amino acids (>50%). Both hydrophobic regions can function as membrane-spanning segments, indicating a possible localization in the membrane envelope (Fig.  3) . Amino acid homology search revealed a similarity between the polypeptide encoded by ORF I 4 and the large subunit of the 140-kDa ribonucleotide reductase of EBV (1) and the 87.5-kDa ribonucleoside diphosphate reductase of E. coli (4) . The putative small subunit of the reductase complex was identified also on the basis of amino acid sequence homology with the small subunit of the reductase of EBV.
The vaccinia virus gene appears to be located within the HindIII F fragment (24) (Fig. 7) . The (7, 21) . The 7.5K gene (25) (9) were not indicative for a frameshift phenomenon (data not shown). A feasible explanation seems to be that I 6 is expressed at a very low level and that the detection of its transcripts by nuclease S1 experiments is complicated by a high level of readthrough transcripts initiated at the I 7 gene.
Other difficulties were encountered in the S1 analysis of I 8 transcripts which might be due to the arrangement of the I 7 and I 8 genes. The Si mapping data are indicative for the presence of multiple start sites in the late phase of infection which, however, do not coincide with late specific TAAAT motifs ( Fig. 1 and 5G ). S1 mapping in the presence of in vitro RNA which was partially complementary to I 8 RNA sequences resulted in the introduction of an artificial S1-protected fragment and simultaneous disappearance of the multiple start sites. This experiment clearly indicated that some of the multiple start sites might be generated because of the presence of RNA-RNA heteroduplexes between I 7 and 1 8 transcripts (Fig. 5G and 6 ). Alternatively, it cannot be excluded that I 8 belongs to a different class of late genes which lack the TAAAT motif. Further experiments are necessary to identify the start site of transcription initiation.
The sequences surrounding the ATG that starts each ORF are according to the Kozak rules: an A or G residue is preferred at the -3 position, and a G residue is most frequently found at position +4 with respect to the AUG start codon used for translation (10) . ORFs I 1, I 2, I 5, and I 7 would have an unfavored T residue at position -3, encoded by the DNA. The late 1lK and 4b mRNAs, however, were shown to be discontinuously synthesized, obtaining a poly(A) stretch at the 5' end (3, 23) . The junction between the nontranslated poly(A) leader RNA and the protein coding sequences is located within the conserved TAAAT motif. As a consequence of this process, an A residue is found at the -3 position in the mRNA. It remains to be determined whether this phenomenon applies to all late genes. Primer extension experiments, cDNA cloning, and analyses of RNA transcripts in in vitro cell-free transcription systems are in progress to answer this question.
